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MitochondriaApoptosis is a crucial process that regulates the homeostasis of multicellular organisms. Impaired apoptosis
contributes to cancer development, while enhanced apoptosis is detrimental in neurodegenerative diseases.
The intrinsic apoptotic pathway is initiated by cytochrome c release from mitochondria. Research published
in the recent decade has suggested that cytochrome c release can be inﬂuenced by the conducting states of
VDAC, the channel in the mitochondrial outer membrane (MOM) responsible for metabolite ﬂux. This review
will describe the evidence that VDAC gating or blockage and subsequent changes in MOM permeability inﬂu-
ence cytochrome c release and the onset of apoptosis. The blockage of VDAC by G3139, a proapoptotic phos-
phorothioate oligonucleotide, provides strong evidence for the role of VDAC in the initiation of apoptosis. The
proapoptotic activity and VDAC blockage are linked in that both require the PS (phosphorothioate) modiﬁca-
tion, both are enhanced by an increase in oligonucleotide length, and both are insensitive to the nucleotide
sequence. Thus, the mitochondrial outer membrane permeability regulated by VDAC gatingmay play an im-
portant role in mitochondrial function and in the control of apoptosis. This article is part of a Special Issue
entitled: VDAC structure, function, and regulation of mitochondrial metabolism.
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1.1. VDAC and its involvement in apoptosis
1.1.1. Basic properties of VDAC
VDAC is the major permeability pathway by which metabolites
cross the mitochondrial outer membrane (MOM). Based on functional
studies [1–3], the barrel of the channel is formed by 1α helix and 13β
strands. However recent NMR and X-ray structures of VDAC refolded
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strands. A single 30–32 kDa polypeptide forms the channel [7]. This
secondary structure seems to be well conserved in all species studied
even though the primary sequences are quite different [8]. Properties
of VDAC1, the archetypal VDAC, are highly conserved in fundamental
properties including single-channel conductance, selectivity and volt-
age dependence [9]. The VDAC isoforms share some of the basic prop-
erties of VDAC1 but, in addition, have some specialized functions [10].
Under some conditions, VDAC can close to 40%–50% of its overall
conductance in the presence of small ions. In the open state, VDAC
is anion-selective and permeable to multi-valent anionic metabolites
including phosphocreatine, phosphate, succinate and ATP [11,12]. In
the closed state, the pore size changes from 3 nm to 1.8 nm in diameter,
and the positively charged voltage sensor moves out of the channel
[13,14], making the channel cation-selective. For small cations, the per-
meability becomes even larger [15], while the channel becomes essen-
tially impermeable to large anions such as ATP [10]. Thus the gating of
VDAC results in a mild reduction of conductance but a rather dramatic
change in selectivity [10].
1.1.2. VDAC's involvement in apoptosis
There are lines of evidence suggesting that VDAC's opening and
closure are linked to apoptosis. For example, when growth factor is
removed from the medium of a murine cell line that is dependent
on the growth factor, the nucleotide exchange between mitochondria
and cytosol becomes poor and somehow leads to cytochrome c release
and apoptosis [16]. This reduction in nucleotide exchange is an early
and reversible event in the apoptotic cascade, resulting in the accumu-
lation of phosphocreatine in the intermembrane space. This accumula-
tion is a signature for VDAC closure. Phosphocreatine is made by ATP-
dependent phosphorylation of creatine. When VDAC in the outermem-
brane is closed, ATP can enter the intermembrane space from thematrix
and creatine (with zero net charge) can cross the outer membrane
through the closed state of VDAC. However, the product, phosphocrea-
tine has a valence of−2 and thus cannot permeate throughVDAC in the
closed state. Thus VDAC closure leads to virtual impermeability to
multi-valent, anionic metabolites and precedes the permeabilization
of the outer membrane to proteins and cytochrome c release. The resto-
ration of growth factor prior to cytochrome c release restores the outer
membrane permeability and rescues the cells. If Bcl-XL is overex-
pressed, the cells can escape apoptosis [16], which is also consistent
with the observation that the anti-apoptotic Bcl-XL is able to favor the
VDAC open state [17]. In addition, other Bcl-2 family proteins have
also been shown to interact with VDAC. For example, the pro-
apoptotic Bid increases the probability of VDAC closure [18] and Bak is
inhibited by VDAC2 [19]. All this is consistent with VDAC opening
being antiapoptotic and VDAC closure leading to apoptosis.
There are other indications of VDAC's role in apoptosis. VDAC ex-
pression is higher in cancer cells than in normal cells [20], suggesting
a possible role in cell proliferation and possible anti-apoptotic effect.
Anti-VDAC antibodies isolated from children with autism can induce
apoptosis [21]. Despite these indications that VDAC plays a role in
early apoptotic events, how and whether VDAC plays an important
role is very controversial. In fact there is evidence that VDAC is not in-
volved in the “apoptosis” of S. cerevisiae [22] although that process
may have little in common with apoptosis that occurs in mammals.
Awidely held view that VDAC is part of the PTP (permeability transition
pore) [23–26], a pathway important in cell death, has been largely dis-
credited by the ﬁnding that cells lacking either VDAC1, VDAC2, VDAC3
or even all the VDAC isoforms show a similar capacity to generate PTP
as wild type cells, suggesting that VDAC is not part of PTP [27,28].
Perhaps the major role of VDAC in apoptosis is via the control of
metabolite permeation through the MOM. VDAC closure blocks the
ﬂow of ATP [29] and thus would block ATP exit from mitochondria.
The subsequent changes in cytosolic ATP levels could act as a signal.
High concentrations of cytosolic ATP inhibit apoptosis, while AMPdoes not [30]. The depletion of ATP may facilitate apoptosome (a pro-
tein complex formed by the direct binding between cytochrome c and
Apaf-1, which subsequently activates procaspase-9) formation and
the apoptotic cascade. Of course changes in metabolite ﬂux across
the outer membrane could simply act by inﬂuencing overall cellular
metabolism. For example, it has been found that Nude mice develop
40-fold smaller tumors when inoculated with VDAC1−/− HeLa cells
than when inoculated with control HeLa cells [31]. The simplest ex-
planation is that knocking down VDAC1 decreases MOM permeability
to metabolites and mitochondrial respiration, which leads to slower
cell growth. VDAC−/− HeLa cells may also be smaller or more suscep-
tible to apoptosis. Based on this reasoning one might predict that
VDAC overexpression would favor cell growth and cell survival. How-
ever, the same group that reported the results of VDAC1 knock-down
in HeLa cells also reported that overexpression of VDAC1 in U-937
cells leads to ~80% cell death [32]. Of course, overexpression of pro-
teins often has toxic effects and thus the simple conclusion that
VDAC is pro-apoptotic may be unwarranted. Regardless, it is impor-
tant not to dismiss the possibility that these seemingly contradictory
results suggest that the role of VDAC in apoptosis is rather complicated.
SinceVDAC is a voltage dependent channelwith both different conduct-
ing states and isoforms in the cell, it is possible that other VDAC iso-
forms or conducting states may compensate for the effects of simply
knocking down or overexpressing one isoform of VDAC. Therefore, it
is important to measure the MOM permeability directly to truly assess
the role of VDAC and the MOM permeability in apoptotic signaling.1.1.3. The modiﬁcation of VDAC's gating
VDAC's gating can be inﬂuenced by a variety of mechanisms, some
of which may be linked to the apoptotic process. Therefore, these may
provide useful information to explore the linkage between VDAC reg-
ulated MOM permeability and apoptosis. Treatments that inﬂuence
VDAC gating include voltage, impermeant macromolecules, small
molecules, phosphorylation, and intermembrane space proteins
[10]. There is an estimated negative 40 mV potential in the intermem-
brane space compared to the cytosol [33]. This favors VDAC closure
when the channel is reconstituted into phospholipid membranes
(V0=25 mV, a voltage at which the channel has a 50% chance to be
closed) [10]. No one has tried to measure changes in the voltage
across the outer membrane during the apoptotic process. Non-
electrolyte polymers, such as polyethelene glycol, that are too large
to enter VDAC's pore, can favor VDAC closure [34] and inhibit the
MOM permeability to ADP [35]. This is the result of osmotic effects
that produce a negative pressure within the pore. Such pressure
changes could occur with changes in the concentration of macromol-
ecules in the cytosol. NADH and Mg-NADPH also inﬂuence the gating
properties of VDAC [36–38] allowing VDAC to be sensitive to meta-
bolic conditions. The intermembrane space proteins from various
species greatly favor VDAC closure [39–41] and the roles of these pro-
teins are unknown. Other proteins that modify the gating properties
of VDAC include G-actin [42], Bcl-XL [17], dynein light chain, mtHSP
[43]. Recently tubulin dimers were shown to reduce VDAC conduc-
tance through the action of the C-terminal region. This region seems
to insert into the lumen of the channel and inhibit ATP permeation
[44,45]. It has also been shown that tubulin is able to modulate the
MIM potential in cancer cells [46]. Polyanions, such as dextran sulfate,
can accumulate in the access resistance region of the channel and
thus amplify the voltage dependence and closure of VDAC [47]. One
of the polyanions, König polyanion [48], has been shown to induce cy-
tochrome c release and apoptosis [49]. However this agent is not spe-
ciﬁc for VDAC but acts on other proteins as well [50,51]. Physiological
polyanions that work in a similar way are RNA and negatively-
charged proteins [52]. All these effects on a single channel indicate
that VDAC may be a point at which various signals are integrated
into a single response, channel opening or closure. Integration of
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cision of whether or not to undergo apoptosis is no exception.
In order to probe the importance of the ideas just discussed to the
apoptotic process, it is vital to have molecular tools that are speciﬁc.
Of the various inhibitors of VDAC, the most speciﬁc seem to be the
phosphorothioate oligonucleotides. While not membrane permeable,
these can be delivered into cells and also used in in vitro experiments
with isolated mitochondria.
2. G3139 and other phosphorothioate oligonucleotides
Studies examining G3139 (oblimersen), an 18mer phosphorothio-
ate (PS) oligonucleotide that is antisense to the start region of Bcl-2
mRNA, can provide a good link between VDAC conducting states
and apoptosis. However, this conclusion was reached in a very circu-
itous manner. This is the case of a substance designed to perform one
function but then ﬁnding that it acts in a very unexpected manner.
G3139 was synthesized for the purpose of reducing cellular Bcl-2
levels and thus make tumor cells more susceptible to being killed by
chemotherapeutic agents. Studies are underway designed to evaluate
G3139's efﬁcacy and tolerability in combination with cytotoxic che-
motherapy in chronic lymphocytic leukemia (CLL), multiple myeloma
(MM), malignant melanoma, non-small cell lung cancer, non-
Hodgkin's lymphoma (NHL), acute myeloid leukemia (AML), and
hormone refractory prostate cancer [53]. Indeed, lipid-mediated
transfection of G3139 into tumor cells can downregulate Bcl-2
mRNA and achieve the goal of decreasing the Bcl-2 protein levels.
However, the expectation that G3139 would render tumor cells sensi-
tive to proapoptotic agents was typically not achieved. For instance
G3139 induced apoptosis in melanoma cell lines without resulting in
chemosensitization. Furthermore, downregulation of the basal Bcl-2
protein level does not increase the chemosensitization of tumor cells
[54]. Only forced overexpression of Bcl-2 protein in melanoma cells
produces a relatively small amount of chemoresistance [55]. Thus
G3139 does not seem to be acting through a downregulation of Bcl-2.
Additional experiments demonstrated that transfection of G3139
with Lipofectamine 2000 resulted in the production of the typical apo-
ptotic pathway intermediates proving that G3139 was indeed affecting
the apoptotic process. The simultaneous appearance of the 85 kDa
cleavage fragment of PARP-1, caspase-3 and tBid were observed 9.5 h
after transfection, while the presence of cytochrome c in the cytosol
was observed between 5 and 9 h post-transfection [56]. The appearance
of these rather early changes contrasted sharply with the ﬁnding that
mitochondrial Bcl-2 levels were only reduced after 24 h of treatment
with G3139, with a 40% reduction in Bcl-2 occurring after 48 h [56].
This ﬁnding demonstrates that G3139 induced apoptosis is unrelated
to its ability to downregulate Bcl-2 expression levels, and suggests
that G3139 may instead directly interact with mitochondria. In fact,
when isolated mitochondria were treated directly with G3139, an al-
most immediate reduction in the exchange rate of nucleotide metabo-
lites between the mitochondria and the medium was observed [57].
This is consistent with the reduction of outer membrane permeability
resulting from VDAC closure. In addition, treatment of mitochondria
with G3139 resulted in mitochondrial hyperpolarization followed by
the dissipation of themitochondrial potential and cytochrome c release
[55]. These ﬁndings are very similar to previously publishedwork dem-
onstrating that VDAC closure is a very early step in the apoptotic pro-
cess. These results raised the hypothesis that G3139 might interact
directly with VDAC and thus induce apoptosis.
In contrast, Si3139, which has the same sequence as G3139 but
lacks the sulfur modiﬁcation, reduces cellular Bcl-2 protein levels
but does not induce apoptosis and has no direct effect on isolated mi-
tochondria [57]. Thus the sulfur modiﬁcation is important to the ac-
tion of G3139. While this sulfur modiﬁcation is critical for G3139
action, it is not sufﬁcient. G4126, a PS oligonucleotide that is the
same length as G3139 but has two different codons, shows weakerand delayed ability to induce apoptosis [58]. Thus, it appears that
there is some sequence speciﬁcity to these oligonucleotide experi-
ments. However, these results strongly suggest that the anti-sense
model must be abandoned and VDAC may be the essential link be-
tween G3139 and apoptosis induction.
3. Molecular mechanism of the G3139 VDAC interaction
To determine whether G3139 works directly on VDAC, G3139 was
added to pure VDAC channels reconstituted into phospholipid mem-
branes. Indeed, G3139 does act directly on VDAC by causing rapid
ﬂickering of VDAC conductance at the millisecond time scale [59]. It
should be noted that this interaction only occurs at the cis side of
VDAC insertion, suggesting a binding induced blockage instead of
the permeation blockage model [59]. This ﬁnding also reveals that
VDAC inserts into the membrane asymmetrically, which is consistent
with the insertion pattern of mammalian VDAC into planar mem-
branes [60]. If VDAC adopts this orientation in the MOM then G3139
could easily access its binding site from the cytosol.
One important feature of this interaction is that the oligonucleo-
tides must have the PS linkage in order to interact with VDAC but
the speciﬁc nucleotide sequence is not important to this interaction.
In fact, PS oligonucleotides composed of only thymidines can similar-
ly induce rapid ﬂickering and closure of VDAC channels. However, the
PO (phosphodiester) version of G3139 with similar size and charge
does not act on VDAC conductance [59]. This observation demon-
strates the importance of the sulfur atoms for the binding of G3139
to VDAC and is in harmony with the ﬁnding that the PS linkage is ab-
solutely required for G3139 to induce apoptosis. It has been proposed
that, in comparison to the oxygen atom, the sulfur atom has less elec-
tronegativity and surface charge density and, as a result, it lacks the
ability to form a hydrogen bond with water, resulting in a stronger in-
teraction with the protein [59].
To better understand the interactions between G3139 and VDAC,
the biophysical properties were studied in detail. The action of
G3139 on VDAC is inconsistent with merely inducing VDAC closure
but more likely represents a blocking effect. First of all, while the nor-
mal VDAC closed states have 40%–60% of the open state conductance,
G3139 can cause essentially complete closure. Besides the difference
in the degree of closure, there are also differences in the kinetics.
G3139 causes very rapid conductance ﬂuctuations and occasional
long lived closed states [59]. This is very different from the kinetics
of voltage-dependent closure. Biophysical studies [59] show that
VDAC has one open state and multiple closed states. When G3139 is
added, the open state of VDAC does not change. Its conductance is
not altered but its duration time is both G3139 concentration depen-
dent and voltage dependent. The concentration dependence suggests
a one-to-one binding of G3139 to VDAC. The effective charge of oligo-
nucleotide binding, as calculated from the steepness of the voltage
dependence, is −3, which is less than half of the charge of G3139,
suggesting only part of the oligonucleotides enters the channel and
causes the blockage. The duration of the closed states is independent
of G3139 concentration and voltage, which demonstrates that the rate
limiting step is the dissociation of the single G3139 molecule from the
binding sites rather than its diffusion away from themouth of the chan-
nel. Most of the closed states, which have an off rate of 2000–3000 s−1,
are clearly energetically unfavorable suggesting that the G3139–VDAC
complex is unstable. However, some completely closed states are stable
for longer 0.1 s [59].
There are two possible explanations for the variability of the
closed state stability. First, the transient G3139–VDAC complex may
be stabilized through some slow conformational change. Second, it
is also possible that all those closed states are intrinsically different,
considering the existence of diastereomers of G3139 molecules.
Since only one of the non-bridging oxygen atoms is replaced with a
sulfur atom in each of the 17 internucleosidic linkages, there are
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chemical properties. Most of those may only transiently interact
with VDAC, which are the ﬂickering states. However, others may
form a stronger bond with VDAC and cause the permanent blockage
of the channel.
Additionally, G3139 only blocks VDAC while the channel is in its
open state. When VDAC is in one of its closed states, G3139 could
not cause any blockage [59]. Since the voltage sensor region of
VDAC is positively charged and ideal for G3139 interaction, it is likely
when it moves out of the channel in the voltage dependent closed
states, G3139 could not bind to VDAC in such a way as to cause block-
age. Perhaps G3139 might still bind to the sensor region outside the
channel but, if so, it does not affect the conductance of the channel
(Fig. 1).
This binding hypothesis was further supported by the change of
channel selectivity after applying a shorter version of PS oligonucleo-
tides to VDAC. Planar membrane experiments show that dT14 (PS ho-
mopolymers of 14 thymidines) is still able to cause complete closure,
while dT8 (PS homopolymers of 8 thymidines) can only induce a par-
tial conductance drop of the channel [59]. The dT8 induced closed
states are cation selective, which is different from the anion selectivity
of an open VDAC channel and consistent with binding to the positively
charged voltage sensor region within the channel [59]. This binding
would change the local charge and thus the channel selectivity.
4. G3139 action on mitochondria
Additional evidence suggests that, in living cells, G3139 acts di-
rectly on the mitochondria. Clearly, this interaction may be mediated
by VDAC in the MOM. In any case, FITC (Fluorescein isothiocyanate
with green ﬂuorescence) labeled G3139 [56] has been shown to
bind to mitochondria, while the FITC labeled phophodiester version
of G3139 does not. Therefore, the PS modiﬁcations may target
G3139 to mitochondria by favoring binding to VDAC. Indeed, VDAC1
seems to be the link between G3139 and mitochondria, as the high
levels of VDAC1 protein in a cell line make it more sensitive to G3139
treatment [56]. The opposite is also true. PC3 and DU145, two prostate
cancer cell lines with low level of VDAC1 expression, are resistant to
G3139 induced cell death [56]. The possibility that G3139 acts on
other VDAC isoforms has not been tested.
G3139's direct effects on isolated mitochondria are evident
through the inhibition of mitochondrial respiration at physiological
ADP concentrations. G3139 induces a much longer transition be-
tween State III and State IV respirations when applied to isolated mi-
tochondria. At sub-micromolar concentrations, this inhibition is due
to the reduction of MOM permeability to ADP, presumably by acting
on VDAC, because disruption of the MOM by mild hypotonic shock re-
lieves the inhibition [57]. The concentration dependence of G3139 in-
duced outer membrane permeability reduction and the concentration
dependence of G3139 induced VDAC closure have a similar maximumFig. 1. The proposed model of PS oligonucleotides binding to the voltage sensor region
of VDAC. The ﬁgure shows one open VDAC channel and one closed VDAC channel in the
lipid environment. The channels are bisected to show the inside wall and voltage sen-
sor. The gray region is the inside wall of the channel. The black region is the voltage
sensor and the red is the PS oligonucleotides.
Adapted from Song et al., 1998 [14].reduction of permeability or conductance of about 85% [57]. However,
the concentration required to induce VDAC closure is about 10 times
higher in the planar membrane systems. This may be due to the pres-
ence of regulatory proteins such as Bcl-2 family members or other
lipids that inﬂuence the conformation of VDAC or the local charge
or some other process that increases G3139 binding. Those factors
are lost when VDAC is puriﬁed and reconstituted into the planar
membranes.
When transfected into cells or applied to isolated mitochondria,
G3139 also induces cytochrome c release [56,57]. This is highly corre-
lated with its direct function on VDAC conductance and reduction of
MOM permeability to ADP. As discussed above, all of these reactions
require the PS linkage and are sequence independent since all PS oli-
gonucleotides longer than 12 can inhibit VDAC conductance in either
mitochondria or phospholipid membranes as well as induce cyto-
chrome c release from mitochondria [56]. Generally, longer oligonu-
cleotides have a stronger inhibition of VDAC conductance and MOM
permeability to ADP. These also result in higher levels of cytochrome
c release into the cytosol. This correlation indicates an underlying
cause and effect.
There is further evidence that the inhibition of VDAC conductance
is directly correlated with cytochrome c release from isolated mito-
chondria. L-G3139, which cannot downregulate Bcl-2 levels, has a
similar potency as R-G3139 to inhibit both MOM permeability and
VDAC conductance as well as to induce cytochrome c release from
isolated mitochondria [57]. However, L-G3139 is less effective at in-
ducing apoptosis in living cells. Thus VDAC closure may be only one
factor by which G3139 induces cell death [61]. Therefore, the random
sequenced PS oligonucleotides are more speciﬁc VDAC inhibitors
when used in experiments with intact cells.
G3139 induced cytochrome c release is also independent of PTP.
PTP-mediated cytochrome c release is preceded by large amplitude
swelling arising from the permeabilization of the mitochondrial
inner membrane (MIM). However, G3139 does not change the per-
meability of the MIM and induces little swelling of isolated mitochon-
dria [57]. Furthermore its toxic effects on mitochondria cannot be
relieved by cyclosporine A, a PTP inhibitor [57]. This further supports
the conclusion that G3139 works on mitochondria only through
VDAC, and conﬁrms that VDAC is not part of PTP.
It is clear that VDAC is only one of the interacting partners of
G3139 in cells. Even though other PS-oligonucleotides can induce
VDAC closure and cytochrome c release from isolated mitochondria,
their function in vivo is delayed [58,62]. This difference could be
explained by the CpG motif of G3139. The “bis-CpG” motif blocks
the cell cycle and increases both reactive oxygen species (ROS) pro-
duction and DNA oxidation [63].
In addition to effects on mitochondria, the PS linkage results in the
oligonucleotide acting on other cellular targets. It has already been
shown that the substitution of oxygen by sulfur increases the binding
of oligonucleotides to albumin and g5p proteinswith apparent afﬁnities
above 10 μM [64,65]. Therefore, even though the PS linkage is desirable
because it increases the stability of the antisense oligonucleotides in
cells, one must consider secondary effects of this modiﬁcation when
interpreting results. Our study suggests that at sub-micromolar concen-
trations, PS oligonucleotides target VDAC speciﬁcally even in the cellu-
lar environment.
5. Bcl-2 family proteins modify the G3139–VDAC interaction
Since Bcl2 family proteins are directly involved in apoptosis, it is
important to assess their inﬂuences on the apoptosis implicated
G3139–VDAC interaction. We obtained both wild type and Bax/Bak
double knockout baby mouse kidney epithelia (BMK) cells to examine
the effects of G3139 on MOM permeability and ADP levels. At
1 μMG3139, the presence of proapoptotic Bax or Bak in the puriﬁedmi-
tochondria of wild type BMK cells strengthens G3139 inhibition of
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meability to small metabolites is regulated by the apoptotic proteins
Bax and Bak. At 5 μMG3139, there is no signiﬁcant difference in MOM
permeability betweenwild type or Bax/Bak double knockout, indicating
the same level of saturation of the G3139 inhibition.
The results, indicating that the proapoptotic proteins Bax and Bak
favor G3139 blockage of VDAC, are consistent with the hypothesis
that the metabolite permeability of the MOM regulates the onset of
apoptosis. This is in harmonywith how varying the properties of the ol-
igonucleotides used have the same effect of the three experimental
measurements: MOM permeability to ADP, VDAC conductance and cy-
tochrome c release from mitochondria. The length dependence, chiral
dependence, PS modiﬁcation dependence all agree indicating a causal
relationship: G3139 induces apoptosis partly through blocking VDAC
channels.6. The inﬂuence of VDAC gating on calcium ion ﬂux
The voltage gating process of VDAC controls not only the ﬂux of me-
tabolites, but also regulates the ﬂux of small ions. One important ion in
this scenario is Ca2+, because its ﬂux through VDAC into mitochondria
can lead to mitochondrial swelling and subsequent apoptosis. Since
VDAC only shows weak selectivity for monovalent ions (Pcl/Pk~2),
it is speculated to be highly permeable to Ca2+ [66]. However, this
channel shows very low permeability to Ca2+ in its normal open state
(Pcl/Pca~25) with a reversal potential (~26 mV for a four fold CaCl2 gra-
dient) close to the ideal for an anion selective channel (~30 mV) under
this condition [67]. This high selectivity could be due to a strong electro-
static barrier to divalent ions.
After voltage dependent VDAC closure, the permeability to Ca2+
increases as much as 10 times and becomes comparable to that of
chloride [67]. Thus in the cell, the voltage dependent VDAC closure
could favor the ﬂux of Ca2+ into mitochondria and subsequent mito-
chondrial permeability transition. The important conclusion from
these observations is that the VDAC gating process results in modest
changes in selectivity for small monovalent ions but large changes
for divalent ions. Thus, this gating process may be important for the
cell and mitochondrial calcium homeostasis and suggests that Ca2+
normally permeates through the cation selective closed VDAC chan-
nels in mitochondria. Therefore the opening of VDAC could hinder
this permeation and inhibit mitochondrial swelling. This ﬁnding
could be instructive in designing speciﬁc inhibitors and promotersFig. 2. Bak and/or Bak affect G3139 induced MOM permeability reduction. Puriﬁed mi-
tochondria from control or Bax and Bak double knockout BMK cells were added to 2 ml
of respiration buffer with a ﬁnal protein concentration of 320 μg/ml. ADP dependent
mitochondrial respiration was recorded and ﬁtted to a mathematical model to calcu-
late the MOM permeability [37]. The error bars are the standard deviations of the
three independent experiments. **b0.01.of mitochondrial Ca2+ uptake and thus could be useful in studying
the effect of Ca2+ on mitochondrial function and apoptosis. It should
be clariﬁed that G3139 is able to completely block VDAC channels.
Therefore, G3139 induced VDAC closure blocks the Ca2+ entry and
is different from the voltage dependent VDAC closure.7. Conclusions and perspective
Even though the correlation between VDAC closure and initiation of
apoptosis is clear, the immediate effect of VDAC closure and the direct
cause of cytochrome c release are yet to be determined. The closure of
VDAC stops metabolite ﬂow and, in the short term, the ATP/ADP and
the mitochondrial phosphocreatine/creatine ratios will increase. The
PMF (proton motive force) will also increase because of insufﬁcient
ADP. These eventsmay lead to changes in the enzyme activities inmito-
chondria perhaps through phosphorylation of the appropriate enzymes.
Changes in enzymatic activity could raise steady-state ceramide levels
leading to channel formation or somehow lead to Bax/Bak insertion
and channel formation. Measurement of changes in metabolite levels,
enzyme activities, and state of apoptotic molecules following VDAC clo-
sure may provide clues to the missing link between VDAC closure and
MOM permeabilization (Fig. 3). Another possible consequence follow-
ingVDAC closure is oxidative stress, since both VDAC andmitochondrial
electron transport chain activities have been linked to ROS generation
[68,69]. It has also recently been discovered that G3139 treatment in-
creases ROS accumulation inside the mitochondria [70].
In summary, PS oligonucleotides, such as G3139 are able to block
VDAC channels and disrupt metabolite exchange through the MOM.
This inhibits mitochondrial respiration and ultimately results in MOM
permeabilization and cytochrome c release. This and other ﬁndings
point to the conclusion that VDAC closure is a pro-apoptotic signal. PS
oligonucleotides are particularly good tools for reducing metabolite
ﬂow through VDAC because they are quite speciﬁc and work at sub-
micromolar concentrations. They are certainly useful experimental
tools to study the relationship between VDAC blockage and apoptosis.
In addition, these oligonucleotides may be useful agents to treat some
forms of cancer. They could act synergistically with other anti-cancer
therapeutics by acting at different targets and so the combination
might be more effective on the target cell with less collateral damage.Fig. 3. Proposed model of VDAC closure leading to apoptosis. Diverse signals acting on
VDAC may be transduced into a common signal: the permeability to anionic metabo-
lites. If this permeability drops below a critical value, the outer membrane becomes
permeable to proteins, initiating the apoptotic cascade. The mechanism of the last
step is still unknown.
Reproduced with permission from Tan et al., 2007 [57].
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